Avian evolution has generated an impressive array of patterns and colors in the ~10,000 bird species that exist on Earth.
INTRODUCTION
Coloration plays an important evolutionary role as the target of both natural and sexual selection (Endler 1983 ). The enormous color and pattern variation in bird feathers and bare parts makes birds among the most colorful of the vertebrate classes. The roughly 10,000 species of extant birds display colors from across nearly all parts of the human-visible spectrum, and well into the ultra-violet. In some clades, such as the tanagers (Thraupidae), diverse coloration and sexual dichromatism is especially pronounced, with as many as 97% of species exhibiting some degree of color difference between sexes (Burns and Shultz 2012) . Because color production is a complicated process including genetic, cellular, physiological, and structural components, the specific roles that particular genes are playing is still poorly understood. Establishing associations between color and genetic components is an important start to understanding complex coloration pathways, in birds and more broadly.
Early research on avian feather color was limited to investigations of candidate loci, such as melanin-related genes identified in chicken and mice (Robbins et al. 1993 , Takeuchi et al. 1996 . Many studies began reporting correlations between phenotypic variation and coding sequence variation for one candidate locus in particular: melanocortin-1 receptor (MC1R) (Cooke and Cooch 1968 , Theron et al. 2001 , Mundy et al. 2004 , Baião et al. 2007 . Volume 136, 2019 , pp. 1-7 DOI: 10.1093 Using MC1R, research on yellow and melanic forms of the Bananaquit (Coereba flaveola) revealed that a single point mutation in this gene differed between the 2 forms, representing the first association between plumage and nucleotide variation (Theron et al. 2001) . Investigations of MC1R in other taxa with melanic forms, such as the Red-footed Booby (Sula sula) (Baião et al. 2007 ), Arctic Skua (Stercorarius parasiticus), and Snow Goose (Anser caerulescens) Cooch 1968, Mundy et al. 2004) , revealed similar sequence variation, supporting the association between MC1R and plumage polymorphism.
Studies of plumage association with variation in MC1R demonstrated the effectiveness of a candidate gene approach, and lists of candidate loci eventually expanded to include other melanin-related genes such as follistatin (FST) (Lehtonen et al. 2012) , and genes potentially related to other types of plumage variation, such as carotenoids (Walsh et al. 2011) . However, there are a number of limitations to this approach. One is that many of the associations mentioned above are between taxa that exhibit wholebody color variants, a type of plumage polymorphism relatively limited in wild populations compared with small plumage patch variation. Additionally, a candidate gene approach focuses specifically on protein-coding changes, and does not allow us to look at other types of genetic variation such as regulatory differences. Early work on Hooded (Corvus cornix) and Carrion Crows (C. corone) failed to report any genetic associations with plumage, despite examining MC1R coding sequence variation (Haas et al. 2009 ). As a result, it remained uncertain if MC1R was simply not involved in crow plumage variation, or if regulation of MC1R, rather than coding variation, was involved in plumage variation. The development of highthroughput sequencing techniques offered a means of overcoming some of the above limitations of the candidate loci approach. Specifically, the high resolution of wholegenome sequence data captures variation both in noncoding regions, and in genes previously unidentified. For example, where a candidate loci approach failed to find associations with plumage in Hooded and Carrion Crows, high-throughput sequencing of both RNA and wholegenome DNA sequence data identified 81 fixed differences in a single genomic region, providing a link to genes likely involved in plumage coloration (Poelstra et al. 2014) .
In addition to the identification of single nucleotide polymorphisms from across the genome, high-throughput sequencing has allowed for further exploration of genetic variation as it relates to color, including gene expression levels from transcriptomes (Poelstra et al. 2014, Mason and Taylor 2015) , and structural variants, where large scale plumage differences arise from linked and co-adapted genes referred to as "supergenes" (Küpper et al. 2016 , Lamichhaney et al. 2016 , Tuttle et al. 2016 . Studies began to demonstrate the power that high-throughput sequencing can offer in associating genetic variation with plumage polymorphisms.
While high-throughput sequencing can offer the increased resolution needed to detect small genetic differences, it can be difficult to separate variation in DNA that can be attributed to a specific trait from all other background genetic variation. Populations with naturally low background variation, however, such as those that exchange genes through hybridization, or those that have experienced little evolutionary divergence, enable genome-wide association studies (Buerkle and Lexer 2008, Delmore et al. 2016) . In these cases, regions of the genome that exhibit the highest degree of divergence between individuals that differ in a plumage trait of interest are more likely to be associated with color differences, connecting individual genotypes with their resulting phenotype (Poelstra et al. 2014) .
A collection of recent studies has taken advantage of advances in genome sequencing technology to significantly expand our understanding of genes associated with avian plumage coloration and patterning. Scientists have accomplished this by identifying regions of the genome that are strongly associated with differences in plumage traits between closely related species, including juncos (Abolins-Abols et al. 2018), warblers , Brelsford et al. 2017 , seedeaters (Campagna et al. 2017) , and estrildid finches (Stryjewski and Sorenson 2017 , Kim et al. 2018 , Toomey et al. 2018 (Figure 1 ). Taken together, this research has revealed a prominent role for regulatory pathways in linking genetic variation to color differences, and has provided new details about carotenoid coloration, which has not been characterized as well as melanin-based coloration. Importantly, these studies report new genetic variations that result in discrete color differences of individual plumage patches. Here, we summarize recently discovered genomic associations with melanin and carotenoid coloration of feather patches. These findings should spur further investigation into genetic regions that may be associated with structural colors and other components of the color generation process (Brien et al. 2019) .
We Are Learning More About the Genes That Underlie Carotenoid-based Color Variation
Despite the large array of colors present in birds, a relatively small number of pigment classes and/or structures underlie the majority of them. Although there are many variations of these pigments, melanins and carotenoids together are responsible for nearly all blacks, browns, oranges, yellows, and reds that we see in avian feathers (with some exceptions; e.g., parrots and penguins). The genetic controls of some feather colors are better understood than others, such as genes involved in melanin synthesis. For example, changes in the coding regions of genes such FIGURE 1. Illustrations of 6 groups of birds for which genetic associations with plumage color have recently been reported. Plumage patches that vary, and their colors, are indicated with color bars. Abbreviations of the genes associated with these color variants are indicated in bold, boxed text, and include ASIP: agouti signaling protein, KITLG: kit ligand, MC1R: melanocortin-1 receptor, FST: follistatin, BCO2: beta-carotene oxygenase 2, and SCARF2: scavenger receptor class F member 2. Illustrations by Jillian Ditner (Sporophila seedeater), Lynx Edicions (Lonchura munia, Yellow-rumped Warbler, and Dark-eyed Junco), Megan Bishop (Gouldian Finch), and Liz Clayton Fuller (Vermivora warbler).
as MC1R as described above, producing large, body-wide color changes. Recent laboratory experiments have expanded our understanding of the genetic control of bodywide color variation in non-melanin pigments including psittacofulvins in captive budgerigars (Cooke et al. 2017) and carotenoids in captive canaries (Lopes et al. 2016 , Toomey et al. 2017 .
While much is known about brown and black pigments in birds, less is known about the genetic basis of carotenoid coloration, the molecules responsible for the majority of yellow, orange, and red pigments in birds. Significant recent advances have been made in understanding carotenoid processing and deposition, and recent work has identified a likely first link in the pathway , Toomey et al. 2017 . Carotenoids are, with only rare exceptions, synthesized by plants, bacteria, and fungi; animals must obtain them from the environment through their diet. The hydrophobic nature of carotenoid molecules requires special transport to move them throughout an organism . A study comparing the genomes of pheasants and 40 other birds identified 48 candidate lipid-related genes that may be highly related to carotenoid consumption (Gao et al. 2018) . In captive canaries (Toomey et al. 2017 ), a group of proteins called "scavenger receptors" were identified as playing a key role in the transportation of carotenoids from the organism's stomach to a target cell where they are deposited. Most recently in warblers (Brelsford et al. 2017) , the Scavenger Receptor Class F Member 2 gene was found to strongly associate with a yellow vs. white throat color, supporting a possible role of scavenger receptors in the selective deposition of carotenoid pigment in wild birds. In addition to scavenger receptors, other recent work with warblers suggests the extent of yellow throughout the body may be strongly correlated with genomic differences relating to the regulation of beta-carotene oxygenase 2 (BCO2). This gene had previously been identified as playing a role in the yellow pigmentation of skin in chickens, but had not yet been implicated in the pigmentation of feathers (Eriksson et al. 2008) . Additionally, 2 color morphs (orange/yellow) of the European common wall lizard (Podarcis muralis) demonstrate genetic differences in a regulatory region near BCO2, providing further support for the involvement of this gene in carotenoid coloration (Andrade et al. 2019) . The identification of these genomic regions and proteins is an important step in advancing our currently limited understanding of carotenoid processing by linking genes to their respective roles in the coloration pathway. Establishing these connections will allow researchers to investigate the evolutionary history of coloration genes, and detect signatures of selection and adaptation, extending our understanding of the evolution of avian coloration.
Patch-specific Color Regulation May Underlie Plumage Variation Within Avian Radiations
While small protein-coding changes can produce large phenotypic effects, such as those related to melanin mentioned above, these types of whole-body color differences are less common in wild taxa. However, studies that have employed whole-genome sequencing have revealed discrete genetic controls of smaller, more complicated color differences. Closely related bird species often exhibit color differences restricted to smaller feather areas, such as the throat, crown, auricular patch, or eye stripe. While understanding the genetic controls of such patches has been difficult, each recent study highlighted here suggests that small color patches may be under patch-specific control and associated with unique genomic regions. In pairs of species that differ in one of these traits, such as throat color , eye spot or eye stripe (Brelsford et al. 2017 ), a single region of the genome strongly associates with a single plumage region. In larger, rapid radiations of multiple species, such as munias (Stryjewski and Sorenson 2017) and Sporophila seedeaters (Campagna et al. 2017 ), it appears that patch-specific control creates unique patterns of color across different plumage patches, in which species possess a unique combination of alleles across the genomic regions associated with plumage differences. With patch-specific gene regulation comes the possibility that novel color combinations could be generated through genetic recombination, with the potential to produce extensive plumage variation-and possibly species diversity-in relatively short time scales (an estimated 13 species in ~0.5 myr in munias) (Campagna et al. 2017, Stryjewski and Sorenson 2017) . Until recently, such insights from wild bird populations would have been impossible and our understanding of the genetic basis of naturally occurring plumage variation is only set to increase. In particular, the apparently modular control of color for many plumage patches means a single patch could change at a time, rather than the entire body (as might be the case with a broader scale, organism-wide genetic control). This would allow for larger variation in the combination of colors across different patches. This type of control suggests a straightforward means for generating plumage variation that can be acted upon by selection, with further consequences for diversification and speciation. This may apply to groups that demonstrate hybridization between distant or non-sister taxa, such as Wood Warblers , and has been demonstrated in non-avian taxa such as Heliconius butterflies (Heliconius Genome Consortium 2012).
When examining genetic variants associated with coloration and patterning, a common trend emerges: the divergent genomic regions associated with color are often located outside of protein-coding regions (Lopes et al. 2016 , Campagna et al. 2017 , Abolins-Abols et al. 2018 . Differences are instead more typically located in regions that likely regulate the expression of each gene. While many of these regulatory differences are often located near known color genes such as the agouti signaling protein, KIT ligand, and MC1R , Campagna et al. 2017 , Stryjewski and Sorenson 2017 , Abolins-Abols et al. 2018 , the increased information provided by whole-genome sequences has allowed scientists to search beyond amino acid changes in known candidate genes. In addition to the genes mentioned above, multiple studies , Kim et al. 2018 , Toomey et al. 2018 ) have reported differences between phenotypically similar taxa upstream of the gene FST. This gene has previously been reported as a gene that is likely related to color differences of Ficedula flycatchers (Lehtonen et al. 2012) , and the results of these new studies provide additional evidence that the regulation of FST may play a large role in plumage coloration. Additionally, recent work on coloration in pheasants has revealed that variation in how genes are spliced may also impact how pigments like melanin are deposited in a feather (Gao et al. 2018) , providing further support for the role that changes other than amino acid substitutions can have in the appearance of feather color. There is still much we do not understand about feather color pathways, but the application of wholegenome sequencing to closely related or hybridizing taxa has provided new details on the role that variation in gene expression may play in contributing to pigmentation in feathers. Similar to an electrical switchboard turning different light combinations on and off, the expression of these individualized gene regions may be under discrete control for different plumage patches.
Next Steps in Understanding the Genetic Basis of Color Variation in Birds
While the genomic regions identified by the studies discussed here tell us a lot about the genetic associations of plumage traits, some genomic regions that have been identified contain in the order of hundreds of genes, some of which have uncharacterized functions or were previously unknown (Küpper et al. 2016 , Lamichhaney et al. 2016 , Tuttle et al. 2016 . Further investigation of these regions may document new genes or gene interactions that control pigment colors and pathways. While the studies we present here emphasize the role of cis-regulatory regions in feather color changes, mutations in other types of regulatory regions may play a large role as well. In plants, multiple studies have demonstrated associations between transcription factors and pigmentation (Jiang et al. 2014 , Zhou et al. 2015 , Fu et al. 2016 , and exploring these types of associations in animals may provide further insight into avian coloration. The next step in understanding the genetic controls of plumage color is to examine gene expression of newly identified genes and make direct links between genes and specific color traits. Directly linking genes to phenotype using controlled crosses and gene editing will help inform future studies on other steps in the broader color pathway from pigment synthesis to deposition. For example, a recent study on Japanese Quail (Coturnix japonica) utilized melanocyte transplantation to study the periodic patterning of black and yellow stripes (Inaba et al. 2019 ). These transplantations reveal that melanocytes autonomously determine the extent of this periodic patterning, while also instructing adjacent cells to express agouti signaling protein, impacting the black and yellow coloration. By extending these types of studies to establish links between traits and genes in natural populations, we can begin to pair field and genetic studies to investigate how selection is acting on plumage color and, ultimately, evolution. We can also apply similar approaches to those described here, to understand the genetic basis of other colors such as blues and iridescence that are the product of the arrangement of pigment molecules and how they reflect light, rather than the pigments themselves. This is currently being accomplished in Heliconius butterflies (Brien et al. 2019 ).
As we move forward in the study of coloration and patterning, an important consideration is the way color is quantified (Hill and McGraw 2006) . While many of the studies highlighted here focus on taxa with discernible color patches, color is not always discrete. In species like House Finches and Redpolls, individuals vary not only in the amount of coloration, but also in the size of a patch (Badyaev et al. 2001, Mason and Taylor 2015) . In these cases, quantifying color as a continuous trait becomes an important aspect of understanding variation. Similarly, plumage patterns used for signaling can vary in scale, some occurring within a single feather (Pérez-Rodríguez et al. 2017, Soma and Garamszegi 2018) . A holistic approach to color and pattern quantification, such as pairing visible and ultra-violet spectrum photographs (Troscianko and Stevens 2015) , and conducting pattern analyses (Chan et al. 2019) , may allow for a more complete understanding of color variation, and the potential to uncover additional genetic associations.
While much remains unknown about feather color pathways, the findings from the highlighted research provides exciting advances that are filling these gaps. The results from these studies demonstrate the potential for discrete and patch-specific control of color across multiple avian systems, including similar regions of the genome related to the expression of the same candidate genes. This offers a likely means of initiating the process of phenotypic variation, and driving diversification.
